This research seeks to optimize Nd:YAG laser cleaning parameters for the removal of corrosion products on historic iron alloy surfaces. This article presents the treatment of a 19th-century, European scale armor jazeran in the collection of the Arms and Armor Department at The Metropolitan Museum of Art. Laser cleaning was coupled with traditional mechanical cleaning techniques to increase the time efficiency of treatment while best preserving the composite material construction of the artifact and the aesthetic expectations of treatment. Laser cleaning using an 8 ns, Q-switched, Nd:YAG laser at 532 nm was found more effective at corrosion removal and less damaging to the underlying metal surface than laser cleaning at 1064 nm. Wavelength-dependent absorption and scattering effects on the laser cleaning of the corroded iron alloy surfaces were investigated. The composition, morphology, and stratigraphy of the corrosion layers were characterized and the effects of laser cleaning of these corrosion layers at 1064 nm and 532 nm were examined using stereomicroscopy, scanning electron microscopy -energy dispersive spectroscopy and back-scattered and secondary electron imaging, Raman spectroscopy, Fourier transform -infrared spectroscopy, and thermally assisted hydrolysis and methylation -gas chromatography -mass spectrometry. It was found that the success of the 532 nm laser cleaning is consistent with the green laser's more resonant energy absorption and decreased scattering length as compared to 1064 nm. These data were used to optimize the optical parameters of the laser energy interaction with the corrosion products to develop more effective and safer laser cleaning profiles for the removal of ferrous corrosion layers on the historic iron alloy surface.
Introduction
The reduction of thick corrosion layers from historic iron artifacts has traditionally been accomplished through mechanical or chemical techniques. Mechanical methods typically employ an abrasive compound or sharp tool to separate corrosion layers from the underlying metal through physical forces. Chemical means often utilize pH, reducing/ oxidizing agents, chelators, or electrical charge to solubilize or convert corrosion products on the metal surface. For some iron surfaces, however, traditional corrosion removal approaches may prove non-ideal. Mechanical and/or chemical techniques may lack adequate precision or control, may jeopardize adjacent alloys and/or associated non-metallic materials, might create an undesired surface appearance, or may be prohibitively time-consuming for effective treatment. As alternative treatment methods are explored, laser cleaning has become increasingly popular as a conservation tool for reducing corrosion layers from historic metals. In laser cleaning, the laser energy parameters can be tailored to remove metal oxides and other undesired surface material without damaging the underlying metal alloy.
For some metal surfaces, laser cleaning can prove more time efficient in reducing corrosion layers and more precise and controllable in protecting underlying and adjacent historic materials than traditional treatment methods, thereby increasing the efficacy of treatment and promoting the overall preservation of the artifact. After laser cleaning, the metal surface might still be treated using traditional finishing methods to achieve the desired surface aesthetic and to promote corrosion resistance.
Background
Laser cleaning as a tool for the removal of corrosion layers from metal surfaces has been investigated widely [1 -4] . While much research has focused on copper alloys [5] [6] [7] [8] [9] [10] [11] [12] [13] and gilt surfaces [6, [14] [15] [16] [17] , equally significant work has sought to characterize the cleaning of iron alloys by lasers [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Studies on the laser cleaning of corroded metal alloys often characterize the effects of variances in laser wavelength and/or pulse duration on corrosion removal and metal substrate preservation [1, 3, 21, 24, 25, 27, 28] . Considering the diversity of corrosion compositions and laser parameters, it is unsurprising that these studies do not present complete agreement on optimized factors in the laser cleaning of iron. Some studies cite improved iron corrosion removal utilizing a 532 nm wavelength [25] , while others promote 1064 nm [21, 24] , and still others find no distinguishing results [28] . It is generally agreed that a shorter pulse duration reduces thermal effects and lessens the risk of micromelting [1, 24, 33] . Hypotheses toward laser parameter optimization posit the critical roles of laser fluence [3, 21, 27, 28] , materials absorptivity [1, 3, 23, 24, 27] , and thermal conductivity [1, 34] in the safe and effective removal of corrosion layers.
Other typical studies compare the efficacy of laser cleaning against conventional abrasive methods for corrosion removal [21, 25, [27] [28] [29] . General conclusions suggest that laser cleaning better preserves surface topography [27, 29] ; however, laser cleaning introduces the risks of micromelting and/ or redeposition of ablated material [10, 20, 24, 26, 27] . Many studies conclude that optimized iron corrosion removal combines laser cleaning and traditional mechanical techniques, citing a limit to the effectiveness of lasers in removing very thick corrosion layers or particular corrosion species [18, 21, 23, 26, 28] .
This study investigates the effect of wavelength variance on corrosion removal and underlying metal preservation in the laser cleaning of a historic iron alloy, with particular consideration given to wavelength-dependent absorption and scattering effects. The impact of laser cleaning used in combination with traditional mechanical techniques on the time efficiency of treatment is also evaluated. (Fig. 1 ).
Case Study
The artifact belongs to a class of body defense worn to protect the breast and upper abdomen and is a variant on European scale armor typified by earlier brigandines [35] .
The armor was gifted to The Met in 1919 by the Ordinance Department of the United States Army, in which The Met's founding Arms and Armor curator Bashford Dean served during the First World War [36] . Dean received his Army commission to research historic armors to design contemporary helmets and body defense for US armed forces; the jazeran of this case study featured in Dean's military experiments on ballistic resistance [37] .
The armor consists of small, flat iron alloy rectangular plates which are riveted to both sides of textile strips subsequently sewn in overlapping horizontal rows across a bib-shaped textile support with textile back straps and bone collar buttons. The alloy composing the metal scales is observationally identified as "low carbon steel" [38] . No metallurgical testing was undertaken to characterize the composition of the alloy, as destructive testing was deemed too invasive; however, qualitative energy dispersive -x-ray fluorescence spectroscopy confirms the ferrous nature of the metal and the lack of any surface enrichment or plating layers.
The surface of the armor's metal scales displays thick, non-homogenous corrosion layers (Fig. 2) . The corrosion cross-section generally consists of localized surface spots of bright orange, friable corrosion; underlying compact, dark corrosion; and a lowest overall layer of red corrosion. A translucent film overlies the corrosion layers locally. The metal surface underneath the corrosion layers was darkly pitted in some areas, but brightly intact in other areas. It was decided for treatment that all corrosion layers would be reduced to reveal the aged, but clean, dark pitting patina of the underlying metal.
Comingling of the metal and textile elements within the object's construction complicated treatment. Often in the treatment of composite artifacts, components of different material types may be separated or masked to reconcile incompatibilities based on compositional sensitivities. In the case of this armor, with metal scales riveted on both sides of fabric supports, two material types with significantly different treatment vulnerabilities are permanently affixed and in intimate contact (Fig. 3) .
With the pale fabric in such close proximity, corrosion reduction on ferrous scales by traditional mechanical techniques proceeded slowly and with limited lubrication to avoid saturation and possible staining of the textile. Mechanically reducing the extensive, thick corrosion layers using this restrained methodology proved time-consuming, and alternate options were pursued. Through analytical investigation and empirical testing, the surface corrosion was characterized and a treatment protocol was optimized combining laser cleaning and mechanical cleaning for the efficient and safe reduction of corrosion from the iron alloy armor scales.
Methods of Analysis and Testing
The composition, morphology, and stratigraphy of the corrosion layers were characterized and the effects of laser cleaning of these corrosion layers at 1064 nm and 532 nm were examined using stereomicroscopy, scanning electron microscopy -energy dispersive spectroscopy (SEM-EDS) and back-scattered and secondary electron (SEM-BSE and SEM-SE) imaging, Raman spectroscopy (Raman), Fourier transform -infrared spectroscopy (FTIR), and thermally assisted hydrolysis and methylation -gas chromatography -mass spectrometry (THM-GC-MS). The metal alloy composition was characterized using energy dispersive x-ray fluorescence spectroscopy (ED-XRF).
Stereomicroscopy
Initial visual assessment of surface corrosion was performed using a Zeiss Discovery V12 stereomicroscope. The surface was illuminated from the side using a Scott white LED source. Low magnification visible images were taken using a Canon EOS-6D attached to the Discovery microscope, highly magnified visible images of the single plate were taken using a Keyence VHX-500 digital microscope, and highly magnified images of scrapings were taken using an Infinity-2 camera attached to a Bruker Senterra Raman microscope. 
Scanning Electron Microscopy -Energy Dispersive Spectroscopy/ Backscattered Electron Imaging/Secondary Electron Imaging
The scale surface was analyzed by SEM-EDS and imaged with SEM-BSE/SE to investigate the composition and morphology of various corrosion products and surface features. SEM-EDS data was taken using a Zeiss Sigma HD VP electron microscope, equipped with an Oxford Instrument X-MaxN 80 SDD detector. Samples were imaged and analyzed both in low and high vacuum, at a working distance of 8.5 mm and with a 20 kV source.
Raman Spectroscopy
Scraping samples of each surface layer were analyzed using Raman spectroscopy to characterize corrosion species present. Raman spectroscopy was performed using a Bruker Senterra operating at 10 mW of power with an excitation wavelength of 785 nm. The spectra were recorded at a resolution of 3-5 cm -1 . Integration time and number of acquisitions varied depending on the signal and fluorescence levels of different samples, between 10-60 s and 2-12 acquisitions. The data was compared to an internal Raman reference spectral database which agglomerated data from various sources including RRUFF, the Tate Pigment Library, University College London, and self-made reference libraries.
Fourier TransformInfrared micro-Spectroscopy
Scraping samples of the translucent overlying film were crushed in a diamond compression cell (Spectra Tech) and analyzed by Fourier transform infrared micro-spectroscopy (micro-FTIR) in transmission mode to characterize the composition. A Hyperion 3000 Microscope interfaced to a Tensor 27 spectrometer (Bruker Optics) equipped with a 15x FTIR objective and a liquid nitrogen-cooled, mercury cadmium telluride (MCT) detector was used. The FTIR spectra were acquired as a sum of 32 scans in the range 4000 to 600 cm -1 and 4 cm -1 resolution. An in-house made reference spectral library was used for data comparison.
Thermally-assisted Hydrolysis and Methylation -Gas Chromatography -Mass Spectrometry
A scraping sample of the translucent overlying film was analyzed by thermally assisted hydrolysis and methylation-gas chromatography/mass spectrometry (THM-GC/ MS) to clarify its organic composition. The sample for analysis measured 64 µg. The sample was accurately weighed on an Ultramicrobalance UMX2 (Mettler Toledo) in the pyrolysis cup (Eco-cup, Frontier lab) and treated with 3 µL of (tetramethyl) ammonium hydroxide (TMAH) 25% in methanol. THM was performed at 550 °C in the vertical micro-furnace of the double-shot 2020iD pyrolyzer (Frontier lab), equipped with the Auto-Shot sampler AS-1020E (Frontier lab). The micro-furnace is interfaced to the gas chromatograph Agilent 6890 coupled with the Agilent 5973 Network Mass Selective Detector. The analysis was carried out in split mode 20/l. A J&W DB-5MS capillary column (30 m × 0.25 mm × 0.25 µm) was used for the chromatographic separation. The inlet was kept at 320 °C and the MS transfer line at 320 °C. Helium was used as the carrier gas, constant flow 1.5 mL/min. The GC oven temperature program was: 40 °C for 1 min ramped to 320 °C at 10 °C/min, followed by 15 min isothermal period. Acquisition was performed in SCAN mode (m/z 35-600) with temperatures at MS Source 230 °C and at Quadrupole 150 °C.
Energy Dispersive X-Ray Fluorescence Spectroscopy
Qualitative ED-XRF analysis was performed to characterize the metal alloy composition and to detect any surface enrichment or plating layers. No samples were taken; the analysis was performed with the instrument in contact with areas of uncorroded metal surface on scale undersides. A Bruker Tracer III-SD portable spectrometer with a rhodium anode tube and no filter run in air at 40 kV and 9.60 mA for 60 s live time irradiation was used. Spectral data was collected and analyzed using S1 PXRF software.
Laser Cleaning
Laser cleaning tests were performed using a Quanta Systems Thunderart Nd:YAG Q-switched laser at 1064 nm and 532 nm outputs with a pulse duration of 8 ns, a Gaussian beam spot of 10 mm at its fixed focus, and a repetition rate of 2 Hz.
Characterization of Surface Layers
To optimize the laser cleaning protocol, it was important to understand the species and stratigraphy of corrosion present.
A discrete scale (measuring 30 × 26 × 2 mm) which had previously detached from the armor was used for surface characterization and cleaning tests. Corrosion layers on the scale's surface were observed under stereomicroscopy. The scale was then placed inside the SEM chamber and its surface imaged through BSE and SE, as well as analyzed by EDS. Next, scrapings of corrosion layers were taken for analysis by Raman spectroscopy and SEM-EDS. Finally, the translucent film was sampled for investigation by FTIR and THM-GC-MS.
In order to determine the basic corrosion stratigraphy, observations under stereomicroscopy were combined with SEM imaging and point-based EDS analysis. It was deemed too destructive to take cross-sectional samples; however the gaps and local variations in the surface composition proved sufficient to establish the layered structure. The proposed multi-layered surface corrosion stratigraphy is shown in (Fig. 4) . Stereomicroscopy revealed the scale's iron alloy surface to be covered by layers of non-uniform, irregular corrosion products of varying color and texture (Fig. 5) . Four visually distinct layers were observed in basic stratigraphy, from the metal scale upward: (1) a matte, red layer covering most of the iron alloy surface, over which (2) a compact, dark layer was often present, further topped locally by (3) a fluffy, bright orange layer; in some areas, (4) a brittle, translucent film of variable color was present on top. The layered structure varied locally, with surface corrosion measuring 500 microns at its thickest. Layers (1) and (2) are the most widely distributed across the armor's surface area, while layers (3) and (4) are more localized to areas of overlapping contact between scale layers.
To clarify the stratigraphy and composition of the corrosion layers, ~ 400 × 500 mm areas representative of each of the distinct surface layers of the scale were imaged by SEM-BSE-SE. Point-based SEM-EDS analysis was then applied to the typical morphological structure of the different iron oxides and oxyhydroxides observed in each layer to inform characterization of the corrosion species. The matte, red layer (1) exhibits predominantly platy crystals of lepidocrocite ranging in size from 1-5 µm, stacked and/or interlocked to form a dense structure on top of the iron alloy surface (Fig. 6) . The dark layer (2) consists of a compact and continuous magnetite crust, in intimate connection with the underlying lepidocrocite of layer (1) (Fig. 7) . The bright orange layer (3) appears as fine, 2 -3 mm wide, aggregates of acicular goethite, occurring in discrete localities on top of and mixed with lesser amounts of lepidocrocite plates measuring up to 5 µm in length (Fig. 8) .
Examined by SEM, the translucent layer (4) presents as a continuous film, up to 20 µm thick, covering the other corrosion layers (Fig. 9) . Under normal light, the color of this film varies from black to bright yellow, dependent on the color of the underlying iron oxide or oxyhydroxide. SEM-SE observation of the translucent material at low kV revealed a thin layer of sub-micron, rod-like particles measuring a few nanometers in diameter (Fig. 10) . Further characterization of the material by FTIR identified iron oxalates, goethite corrosion, and an organic component of lipids and/or waxes (Fig. 11) .
Iron oxalate formation may be associated with degradation of surface organic materials or possibly with metabolic corrosion processes of bacillus bacterial colonies found in areas on the scale's surface [39 -46] . THM-GC-MS confirmed the presence of wax and lipids, with fatty acids possibly from multiple sources (oils, fat, wax, soil).
To verify and complement the SEM-EDS/ BSE/SE characterization of the surface corrosion, scraping samples of each layer (1), (2) , and (3) were collected for further investigation by Raman spectroscopy. It is noted that under certain Raman measurement conditions it is possible to induce some peak broadening in various phases of iron oxides and iron oxyhydroxides, and that magnetite in particular can experience a phase transformation to hematite [47 -50] . However, good quality Raman spectra were not obtained in this study at lower power levels, therefore higher power measurement settings were employed. The Raman spectrum of layer (1) exhibits the primarily singular presence of lepidocrocite, indicated by peaks at 250 cm ; consistent with SEM findings, no other corrosion species were detected in layer (1) by Raman (Fig. 12) . The Raman spectrum of layer (2) featured large Raman spectrum of layer (3) shows the presence of goethite, indicated by peaks at 300 cm -1 , 386 cm -1 , and 549 cm -1 and consistent with SEM findings (Fig. 14) . No other substances are evident in the Raman spectrum of layer (3), including the lepidocrocite observed in the SEM scans; this is likely due to the lesser amounts of lepidocrocite observed under SEM combined with amounts of fluorescence which inhibited the identification of corrosion species content (Fig. 13) . This fluorescence is attributed to significant amounts of fluorescent organic matter contaminants, such as fibers, from the scale's surface; the lack of distinctive peaks could also result from the low Raman activity of magnetite, indicated by SEM as the layer's primary component [51] . The the similar Raman activity levels of goethite and lepidocrocite [52] .
Based on these analyses, a simplified stratigraphy of corrosion products on the surface of the metal scales can be summarized, with local variations and a maximum thickness of 500 µm, as follows: a lowest layer (1) of matte, red lepidocrocite platy crystals ranging in size from 1 -5 µm which stack and interlock in a dense structure covering most of the metal surface, over which a layer (2) of compact, dark magnetite approximately 1 µm thick is often present, further topped locally by a layer (3) consisting of bright orange goethite in fine acicular aggregates 2 -3 µm wide, mixed with less amounts of lepidocrocite plates measuring 5 µm long. In some areas, a translucent layer (4) is present on top as a continuous film, up to 20 µm thick and containing sub-micron, rod-like iron oxalates possibly associated with bacillus bacterial colonies in an oily-waxy substance.
Additional information was gained from the SEM-EDS/BSE/SE analysis of the scale surface and from the SEM-EDS analysis of the isolated layer scraping samples. Besides the corrosion products formed on the scale's surface, several foreign particles were identified. Among the most recurrent particles were silicates and other inorganic materials consistent with soiling contamination, with quartz and feldspar grains recognized. Organic material consisting primarily of textile fibers were also found embedded within the surface layers and may originate from the armor's textile support or incidental contamination.
Laser Cleaning Tests
Following characterization of the corrosion layers, laser cleaning tests were performed to establish the damage threshold of the metal substrate and to evaluate the efficacy of various laser parameters in reducing the surface corrosion.
An Nd:YAG Q-switched laser was used at 1064 nm and 532 nm outputs with a pulse duration of 8 ns and a repetition rate of 2 Hz. Fifty pulses were chosen as the experimental pulse number based on the variable thickness and composition of the surface corrosion layers which require a controlled and gradual reduction of corrosion layers. Mineral spirits was applied to the surface on a rolled cotton swab before laser cleaning to increase laser-induced corrosion removal and reduce the metal substrate's initial reactivity [24, 25, 28, 53] . In areas of thicker corrosion, mineral spirits on a cotton swab was applied multiple times and also served as method of mild mechanical removal for material loosened during laser application.
The macroscopic damage threshold of the armor's iron alloy scale was empirically determined by applying laser pulses of the above parameters at each wavelength to a small, uncorroded region of the scale and gradually increasing the fluence until a very slight yellowing was visually observed after 50 pulses, indicating micromelting of the metal surface [2] . Effective fluences for corrosion removal were empirically found for each wavelength, constricted below the established macroscopic damage threshold and with diminishing results observed after 50 pulses. Cleaning tests were performed below the established damage thresholds and within the effective corrosion removal fluences, resulting in 175 mJ/cm 2 at 1064 nm and 90 mJ/cm 2 at 532 nm. The tests were performed on two visually similar regions approximately 1 cm 2 that possessed representative distributions of corrosion products.
Comparative tests between laser cleaning with the 1064 nm infrared laser and the 532 nm green laser showed that a lower energy fluence could be employed using the 532 nm laser to produce more efficient iron corrosion reduction and significantly less risk of alteration to the underlying metal surface than could be achieved at the higher energy fluence required using the 1064 nm laser.
SEM -BSE images show magnifications of the metal scale surface after corrosion reduction utilizing laser cleaning at 1064 nm and at 532 nm. Neither laser cleaning protocol completely removed all corrosion on the metal surface. It was not feasible in this study to take samples to compare the depth of surface layers before and after cleaning in order to obtain a more quantitative comparison of the amount of corrosion removal by each laser wavelength. However, the 100× magnification images show that a greater portion of corrosion was reduced by the 532 nm wavelength than by the 1064 nm wavelength, as evidenced in the greater revelation of the underlying metallic surface (Fig. 15 -16 ). Images at higher magnification (3100×) were taken to provide greater detail of the metallic surface as revealed by cleaning at each laser wavelength. The surface irradiated with 1064 nm laser pulses shows clear signs of significant micromelting, including bubbling, deformation, and metallic nanospheres (Fig. 17) . The surface irradiated with 532 nm pulses, on the other hand, exhibits almost no signs of micromelting, except perhaps for a slight softening of some edges in pitted regions and several small, bright nanospheres (Fig. 18) . These data suggest that the lower cleaning fluence at the 532 nm wavelength is both more effective in ferrous corrosion reduction and less damaging to the underlying iron alloy.
It is worth noting that after laser cleaning, a dark residue remained on portions of the surface. While conclusive characterization of this dark material was not pursued in this study, the observation is consistent with other investigations into the laser cleaning of iron surfaces in which the formation of hematite and/or magnetite induced by thermal effects and plasma generation from laser ablation processes results in a darkening of the cleaned metal surface [4, 19, 24] . The thermal transformations amongst iron oxides and iron oxyhydroxides (in particular amongst goethite, magnetite, and hematite) are thoroughly researched by allied sciences [54 -66] and for the cultural heritage community may indicate distinctions amongst laser cleaning parameters, such as pulse duration and thermal effects [24, 52] .
Discussion
The improvement of the 532 nm treatment over the 1064 nm treatment can be attributed to more efficient and better localized energy transfer due to the optical scattering and absorption properties of each wavelength and of the iron oxide corrosion population as characterized.
Optical absorption by all detected iron oxide species increases dramatically at wavelengths less than 550 nm [67] . Absorption profiles extending from weak absorption in the near-IR to strong absorption in the near-UV is characteristic of ferric oxides and oxyhydroxides due to crystal field transitions [67] . This indicates that shorter wavelengths are closer to resonance for these electronic transitions and consequently should induce enhanced ablation from single-and multi-photon processes such as electronic-vibrational coupling and plasma generation, respectively [68] . This study further hypothesizes that, with increased optical scattering and absorption of the 532 nm wavelength by the iron oxides, more energy from the incident laser beam is absorbed by the upper corrosion layers and therefore less laser energy impinges on the underlying metal when cleaning at green wavelengths. Contrastingly, as less of the 1064 nm wavelength is absorbed by the corrosion layers, more energy is transmitted to the metal substrate, increasing the risk of damage and melting of the underlying metal during laser cleaning in the infrared.
In addition to strong absorption, shorter wavelengths experience increased scattering within iron corrosion layers and highly scat- tering media generate light intensity within the material greater than the incident intensity [28, 69] . The scattering phenomenon in a laser-cleaned sample (in which the incident beam is much wider than the distance between scattering events) can be modeled analogous to the diffusion equation with light propagation approximated as a one-dimensional case with exact solutions [70, 71] . The magnitude and distribution of light intensity in the sample have a complex relationship with several parameters including the spatial distribution of scattering events, the degree of scattering and absorption, and the thickness of the material [72] . The measurements needed to characterize these parameters were beyond the scope of this experiment; therefore, it was not possible to estimate the degree to which laser cleaning is dependent on wavelength-tunable scattering in the case of this study. However, in one-dimensional cases of light propagation in the diffusion equation, intensity increases due to scattering effects of 2 -3× the incident light are not unusual [72] . This study posits that decreased scattering length at 532 nm as compared to 1064 nm limits the penetration depth of the laser energy and increases the effective fluence of each laser pulse nearer to the point of surface incidence, thereby allowing for a more localized impact of laser cleaning on the surface corrosion layers and a minimized load on the underlying metal substrate.
Conclusions and further research
In summary, the use of the 532 nm wavelength at a lower fluence produced more effective corrosion reduction and less alteration of the underlying iron surface than the use of the 1064 nm wavelength at a higher fluence. This result is attributed to increased retention of the incident laser energy within the corrosion layers and decreased penetration to the underlying metal surface due to increased optical absorption of shorter wavelengths by the iron oxide species and to increased and localized energy intensity within the corrosion layers due to decreased scattering length of shorter wavelengths.
Ultimately, in the practical treatment of the armor scales, laser cleaning was combined with traditional mechanical cleaning to produce optimal results. The incorporation of laser cleaning in the treatment protocol increased the overall time efficiency of the corrosion reduction by a factor of four . Initial laser cleaning of the corroded surface followed by mechanical cleaning performed with a scalpel blade allowed an increase in time-efficiency of treating the large metal surface area while protecting the adjacent sensitive textile and maintaining a finished surface appearance familiar to traditional techniques and established aesthetic expectations.
The research presented here is ongoing, as we strive to clarify and deepen our understanding of the effects of wavelength variances on the reduction of corrosion on iron surfaces. Relevant future studies would seek to model the heat-effected zone within the stratigraphy of the corrosion crust and the underlying metal and to identify any relevant wavelength-dependent components of thermal diffusion [12, 73 -78] . Pulse duration and frequency could be introduced as variable factors within the study and ablation rates at different laser parameter combinations could be quantified [79, 80] . Finally, investigative studies could be initiated into the potential for evaluating thermal transformations amongst iron oxides and oxyhydroxides under variable oxidizing/ reducing environments as an evaluative tool for the characterization and monitoring of the laser cleaning of iron alloys.
